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Abstract 
This paper presents the experimental investigations on the behavior of a short concrete cylinder confined with helical FRP strip 
under axial compressive load, the results show that the compressive strength increases with increase in the width of the FRP and 
the decrease in pitch of the helix that follows the FRP on the side surface of the concrete cylinder. The numerical analysis conducted 
to describe the behavior of confined cylinders confirmed the experimental stress-strain curves and the numerical ones are recorded. 
A new method for predicting the ultimate compressive strength is also presented. The model is quite simple and can be adapted to 
the concrete cylinders confined with other types of FRP, for different widths and different values of the pitch of the helix, and for 
different values of the compressive strength of reference concrete. The mathematical optimization, of the function that describes 
the ultimate strength of confined cylinder is adjustable. It allows predicting the optimal values of various parameters:  the 
confinement strength, the width of the FRP, the pitch of the helix, and the compressive strength of concrete, for different expected 
strength gain rates and for different intervals containing the studied variables. 
© 2015 The Authors.Published by Elsevier Ltd. 
Peer-review under responsibility of INEGI - Institute of Science and Innovation in Mechanical and Industrial Engineering. 
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1. Introduction 
Many studies have already been conducted on the use of FRP for confinement of columns [1-10]. A recent 
technique was presented by Wu & al. [7]. After studying cylinders fully and partially confined, they found that the  
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Nomenclature 
fco                 compressive strength of  unconfined concrete  
fcc                  compressive strength of confined   concrete 
ffrp           strength tensile of the FRP 
fl             lateral confinement pressure 
tfrp                thickness of the FRP 
L             bandwidth of the FRP 
D            concrete cylinder diameter 
S             pitch of the FRP helix 
k             confinement coefficient 
τmax              ultimate strength of the FRP under tension load 
F            tension load applied on the FRP 
 
confining modulus and stress are considered the main factors affecting the bearing capacity of concrete cylinders 
confined by FRP. In general, the behavior of confined concrete depends on the percentage of the wrapped surface. So 
the stress–strain curve of concrete cylinder confined with sufficient FRP displays a distinct bilinear response 
[6,9,10].The lateral confinement of concrete columns by bonding a composite material on the concrete surface can 
increase the compressive strength and the ultimate deformation [3], since it reduces the risk of formation and opening 
cracks in concrete, and therefore limits the transverse deformation of it, thanks to the mobilization of the lateral 
confining pressure exerted by the composite. 
In this paper, we propose a technique of partial confinement of concrete cylinders with FRP continuous strips posed 
in a helical shape on the surface of concrete. In order to make a contribution to the analysis of behavior of confined 
concrete cylinders a particular attention will be paid to the optimization of parameters that govern this new process of 
confinement. 
The technology proposed consists in a partial bonding glass fabric strips. The strips are glued in two helices, one 
dextral and other sinistral. The effectiveness of this method has been experimentally evaluated. Test and theoretical 
results are emphasized and confronted to highlight the improvement of the proposed confinement technology in terms 
of ultimate strength and corresponding strain compared to conventional concrete specimen. 
2. Experimental  
The experimental investigation was carried out using standard 150 mm by 300 mm cylinders. The confined concrete 
cylinders by helical composite strips referred to as CCab. Where a refers to the number of spires and b refers to the 
band width. Three control specimens made with plain Ordinary Portland cement concrete referred to as CO, were used 
to estimate the ultimate strength of unconfined concrete. The cylinders were produced from a concrete obtained by 
mixing Portland cement, gravel, natural sand, water and superplasticizer. The side surfaces of the cylinders intended 
for bonding of the composite are brushed and cleaned to remove any dirt or derivable from milt or formwork products. 
That aims to ensure the best possible adhesion between the glass fabric and concrete. 
2.1. Cylinder Design 
After 28 days of casting, the FRP strips are then laid on the side surface of each cylinder in a helical path dextral 
and another sinistral (Fig.1). In this study, a taffeta fabric of glass is used. The fabric with a density of 300g/m2 was 
impregnated with an epoxy resin thus giving a composite with a total thickness of 2mm.The main mechanical 
properties of the FRP are measured one week after plates manufacturing and conditioning in room temperature under 
tensile load according to the NF EN ISO 527-1, are reported in Table 1. Strips of different widths were cut from this 
fabric; the widths used in experimental tests are 2cm, 3cm and 4cm. Several alternatives have been tested by varying 
the width of the fabric strip and the pitch of the helix. The ends of all confined cylinders have been reinforced by strips 
of width =100 mm. This measure was taken in order to eliminate premature rupture. 
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                                Table 1. Summary of used materials properties 
Materials  Young modulus(MPa) Stress(MPa) Ultimate strain (‰) 
Glass fiber  72 000 1900    5.6 
Epoxy resin   3000   35    2.2 
 
 
Fig.1. Design of the confined concrete cylinder. 
2.2. Loading procedure  
Compression tests were performed according to standard NFP18-406 for cylindrical concrete specimens, using a 
CNC machine with a capacity of 3000kNand a pitch of 0.5kN/s, equipped with a data acquisition system and a digital 
software control. Both end surfaces of each cylinder has been treated with sulfur to permit a correct application of the 
axial load on the specimens. The load increases gradually until failure of the specimen. Compression tests indicate the 
load versus displacement, which allows trace of stress-strain curves.  
2.3. Test results comparison 
The stress-strain curves are given to bring more clarity relative to the behavior of confined cylinders. The results 
are plotted in Figure2. When the concrete gives way, the composite is asked to resuming full compressive load until 
the total failure of the specimen. Table 2 summarizes the average test results in terms of loads and ultimate stresses of 
the cylinders.  
                a                                                                                                    b 
 
 
Fig.2. Stress-strain curves of confined cylinders (a) with a helix of 3 turns; (b) with strips of 3cm width. 
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                                  Table 2. Average values of loads and ultimate stresses 
 
 
The figure clearly shows that the strength and ductility of specimens are dependent of the width of the strip and the 
value of the helix pitch; thus, increasing the width of the FRP strip causes increase strength and ductility of the 
specimen. This gives strength gains of 39.12%, 28.32%and 6.8%for cylinders confined with strips of 3cm width 
forming helices of 5,4 and 3turns respectively. Similarly, increasing the number of spires of the helix induces a gain 
in terms of compressive strength and ductility of the specimen. This produces strength gains of 18.8%, 6.8%and 2.24% 
for cylinders confined with a helix of 3turns, with widths of 2cm, 3cm and 4cm respectively. 
3. Finite element analysis 
The numerical model shown in fig.3is formed by a concrete cylinder and two FRP helices.The confined concrete 
cylinder is meshed with tetrahedral elements by 20 mm side. The boundary conditions result in a blocking of the 
displacements except the vertical ones by imposing a displacement to the upper surface of the cylinder. The nonlinear 
behavior of concrete is described by the concrete damaged plasticity model.Moreover, a perfect adhesion is supposed 
between the FRP strips and concrete. The specimens have better compressive strength and higher elongation compared 
to unconfined specimens (Fig.4) .The FRP strips also reduce the transverse displacements of the cylinders. 
The comparison between experimental results and numerical analysis ones shows good agreement. As a guide, the 
gap between the experimental and  the numerical values is in  the order of 4.5% for the unconfined concrete and only 
1.5% for the confined concrete  with FRP  strips of 3cm width and a helix with four turns. 
 
 
Fig.3. Numerical model. 
Specimen Ultimate load (kN) Ultimate strength  (MPa) 
Confined 
cylinder 
Unconfined 
cylinder 
Confined   
cylinder 
Unconfined 
cylinder 
CC53 614,3  34,78               
CC52 560,3  31,73               
CC44 600,5  34  
CC43 566,6 441.56 32,08              25 
CC42 504,8  28,6                 
CC34 524,6  29,7                 
CC33 471,3  26,7                 
CC32 451,4  25,56               
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Fig.4.Cartography of strength (MPa) and axial displacement (mm) of confined and unconfined concrete. 
4. Modeling 
To predict the compressive strength of the confined concrete, the authors are based on the general equation 
proposed by Richart and al. [4]. 
cc co lf f k f                                             (1) 
It appears from the experimental results, that the ultimate compressive strength of the confined cylinders largely 
depends on the confinement ratio ( /l cof f ). Saadatmanesh & al. [5] presented that the model proposed by Mander 
& al. [2] for steel-confined concrete can be used to predict the strength of FRP confined concrete. Regression of 
experimental results, as plotted in Figure5, can predict the resistance of confined concrete from that of the unconfined 
concrete and the lateral pressure of confinement as given by the Equ(2), in which
4 frp frp
l
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Fig.5.Linear regression; (a) of the experimental results; (b) of comparison of experimental values versus  predicted values. 
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same strength ratio, the figure 5 (b) allows to observe an average difference of about 1.65%. 
5. Optimizing of the rupture strength using genetic algorithms 
These results in a mathematical optimization under constraint of the function giving the ultimate strength, since 
looking for the best variant which gives a certain strength gain.The objected function can be written for the cylinder 
considered in this study, having a diameter of 150 mm and confined with a FRP of 2 mm of thickness, in the form:  
 = 0.073 ( ) + 0.79 frpcc co
L f
f f
S
                                           (3) 
This parametric study is conducted using genetic algorithms. The variables of this function, which are: the width 
of the FRP strip, the tensile strength of the FRP, the pitch of the helix and the compressive strength of unconfined 
concrete, take their values in the intervals shown in the Table 3. To get the best solution, the study is completed by a 
Principal Components Analysis. After analyzing the graphs given by figure 6, it appears that the best solution would 
be "the individual 11". 
 
 
               a                                                                                b 
 
 
 
 
 
 
 
 
Fig.6. PCA results; (a) variables graph; (b) individuals graph. 
                                                Table 3. Used variables values 
 
 
Thus, for a gain of 100%in compressive strength for concrete cylinder having a compressive strength of 34MPa, 
must be confined with FRP strips having a width = 31mm and a tensile strength of 883.5MPa forming helices of 
87mmpitch. Optimizing thus produced, can be applied, and as needed for different referred gain rates. This allows in 
practice to find the best combination to rehabilitate or reinforce an element, depending on the degree of damage. 
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5. Effect of the additional confining pressure 
We apply a tensile stress at the strip; the band is placed so as to make a full turn of the cylinder head while fixing it 
with a clamp. The strip is then bonded according to its helical path. Then a tensile force is applied at the end of the 
band which is then tightened too and allowed than to harden. Using this new technique of confinement, winding the 
composite strip around the cylinder generates an additional confining pressure.  
The behavior of the strip under the effect of the tensile force can be likened to that of a traction spring. The ultimate 
strength that develops in the strip is given by relation (4): 
max 2 2 2
cos 3 4
3frp frp
F D
L t L t
DW § ·¨ ¸ ¨ ¸© ¹
                                           (4) 
α is the wrap angle of the strip around the cylinder. The additional strength value due to the tensile effort can be 
measured by varying the value of the force. 
This strength has a greater effect than the lateral confining pressure on the compression strength of the confined 
cylinder as is shown in figure 7. 
 
 
Fig. 7 Compressive strength of confined concrete cylinders subjected (or not) to the additional tensile force. 
Indeed, if one considers the compression strength for a cylinder confined by adding to its initial resistance the effect 
of the stress due to the tensile strength, ultimate strength increase considerably. The strength value obtained of 104.31 
MPa, for a confined cylinder with a strip of 3cm width forming a helix of 3 turns, which is calculated with a force of 
1kN. This corresponds to a gain of 236.31% compared to the resistance of the cylinder confined without application 
of tensile strength. The use of the helical confinement technique with a single strip while applying a tensile force, 
allows us a considerable gain of material and a very short production time, since the implementation is very easy. In 
way of comparison it is proposed to conduct a study of the cost price for this type of confinement and fully confinement 
with FRP. A fully confined cylinder needs an envelope of 0,14m2 surface, whereas a CC33 confined cylinder, needs 
a strip surface of 0,043m2. Knowing that the unit price of the glass fabric is 2.1 € / m2 and that of the resin being of 
11.62 € /Kg, the price of the FRP required to the full envelope is estimated at 1.97 €.While the price of the composite 
for CC33 confined cylinder amounts to 0.69 €. 
6. Conclusion 
This proposed design technology provides significant contribution and increases the compressive ultimate strength. 
The partial confinement of concrete cylinders by helical strips of FRP provides a gain in terms of ultimate compressive 
strength and ductility. The compressive strength increases with increase in the width of the FRP and the decrease in 
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pitch of the helix that follows the FRP on the side surface of the concrete cylinder. 
A predicting model of resistance to compression to the peak is presented. The model is quite simple and can be 
adapted to the concrete cylinders confined with other types of FRP, for different widths and for different values of the 
pitch of the helix, in addition to different values of the compressive strength of reference concrete.  
The mathematical optimization, of the function that describes the ultimate strength of confined cylinder allows 
predicting the optimal values of various confinement parameters for different expected strength gain rates. 
It would be interesting to confine concrete cylinder using this technique with combining it with the application of 
tensile force in order to obtain more gain in compression strength. 
References   
[1] Bentayeb F, Aittahar K, Chateauneuf Al, New technique for reinforcement of concrete columns confined byembedded composite grid. Const  
Bui Mat 22 (2008) 1624–1633. 
[2]Mander J.B., Priestley M.J.N., Park R. Theoretical Stress-Strain Model for Confined Concrete” (1988).   Journal of Structural Engineering,ASCE 
1988,114(8) :1804-26. 
[3]Miyauchi K, Inoue S, Kuroda T, Kobayashi A. Strengthening effects with carbon fiber sheet for concrete column. Proc Jpn Concr Inst 
1999;21(3):1453–8. [in Japanese]. 
[4]Richart, F.E., Brandtzaeg, A. et Brown, R.L. “The failure of plain and spirally reinforced concrete in compression”, Engineering Experiment 
Station, Bulletin No. 190, University of Illinois, Urbana, US, 1929.  
[5]Saadatmanesh H, Ehsani M. R. and Li M. W “Strength and ductility of concrete columns externally reinforced with fiber composite straps”. ACI 
Structural Journal, Vol. 91, No. 4, pp 434-447, 1994. 
[6]Toutanji HA. Stress–strain characteristics of concrete columns externally confined with advanced fiber composite sheets. ACI Mater J 
1999;96(3):397–404. 
[7]Wu G, Lü Z.T, Wu Z.S , Strength and ductility of concrete cylinders confined with FRP composites, Const. Build.Mat. N°.20, 2006, pages 134-
148 
[8]Ait tahar K. et al. Parametric analysis of the models of confinement of the concrete column. Key Engineering Materials Vol. 498 (2012) 
pp1-14 d. 
[9]Xiao Y, Wu H. Compressive behavior of concrete confined bycarbon fiber composite jackets. J Mater CivilEng, ASCE 2000;12(2):139–46. 
[10]Xiao Y, Wu H. Concrete stub columns confined by various types of FRP jackets. In: Teng JG, editor.Proceedings of the international conference 
on FRP composites in Civil Engineering, Hong Kong, China; 2001. p. 293–300. 
 
 
 
